Introduction
Volatile organic compounds (VOCs) are known to release secondary pollutants such as photochemical oxidants and suspended particulate matter in the atmosphere. 1, 2 Furthermore, the adverse affects of various VOCs on human health have been published. Thus, VOCs are considered to comprise a very important category of air pollutants. Recent measures taken to prevent VOCs from polluting the atmosphere have led to a reduction in the total amount of VOC emission in Japan. However, VOCs comprise several hundred compounds, and individual VOCs were reported to significantly differ in terms of their effect on ozone formation 3 and other hazardous effects. Therefore, a strategy for reducing the VOC level based on the potency of each VOC may be more effective. Speciated VOCs such as hydrocarbons and aldehydes have been continuously monitored because of their drastic effect on ozone formation. Further, hazardous compounds such as benzene and chlorinated VOCs were also measured intensively. [4] [5] [6] [7] [8] However, the atmospheric level of OVOCs has rarely been reported, except when it was measured using only standard gases and trial examinations with ambient air. [9] [10] [11] An inventory of VOCs from stationary sources in Tokyo was conducted using data on the consumption of chemical compounds based on the annual notifications of the Tokyo Environmental Preservation Ordinance. The results revealed that in FY 2004, 12 toluene was the most abundant VOC (1418 tons year -1 ), followed by isopropyl alcohol (1024 tons year -1 ), ethyl acetate (795 tons year -1 ), and dichloromethane (683 tons year -1 ). The oxygenated compounds group was estimated to comprise approximately 40% of the total VOC inventory.
In this study, we attempted to develop a method to measure the atmospheric level of OVOCs for application in an air monitoring system. We tried to optimize the method, a simultaneous technique for the analysis of OVOCs, involving a canister collection-GC/MS system that is widely used to monitor hazardous air pollutants (HAPs). The adsorption and stability of the OVOCs in the sampling containers were evaluated because they are known to possess properties such as high polarity and instability. Furthermore, since many kinds of OVOCs are widely used as solvents in laboratories, we also attempted to clarify the extent of contamination in laboratories and to establish an appropriate analytical method for environmental air monitoring.
Experimental
Compounds Table 1 shows the 11 target oxygenated compounds that were selected based on the VOC inventory in Tokyo.
Sampling
Stainless-steel containers (canisters, volume of 6 liters) with fused silica linings (S-Can, GL Science Inc.) were used to collect and store ambient air samples. A passive sampler (PF 5200, Hemmi Slide Rule Co., Ltd.) that allowed adjustment of the collection flow rate was used for sample collection. Ambient air was collected for 24 h at a constant rate of 3.0 ml min -1 .
Standard gas and VOC-free water
The standard gas used was a mixture of 25 compounds including the 11 target compounds (Takachiho Chemical Industrial Co., Ltd.; 1 ppm of each compound). Toluene-d8 gas (Sumitomo Seika Chemicals Co., Ltd., 10 ppb) was used as the This research attempts to establish a method to measure 11 kinds of oxygenated volatile organic compound (OVOC) in ambient air by using the canister collection-gas chromatography/mass spectrometry (GC/MS) method. Since several compounds such as acetone exhibited high blank concentrations due to their laboratory use, stringent quality control was conducted for the VOC-free added water and the VOC-free nitrogen gas. In order to prevent the decline of recovery rates due to lack of sufficient relative humidity, it is necessary to add VOC-free water when pressurizing and diluting the air samples. Thus, all the target compounds in ambient air were obtained from the canisters at high recovery rates without significant contamination. Furthermore, the canister collection-GC/MS method makes it possible to apply simultaneous air monitoring of OVOCs as well as volatile hazardous air pollutants without additional sampling. internal standard. VOC-free nitrogen gas (Sumitomo Seika Chemicals Co., Ltd.) was used as the zero gas for blank measurement and standard gas dilution. VOC-free water of purge-and-trap (P&T) analysis grade (Standard Water II, GL Science Inc.) was used to humidify the canisters.
Preconcentration and GC/MS analysis
Two types of air measurement systems were evaluated. Identification, quantitation, and quality control were mainly performed using an air preconcentration system (Entech 7000, Entech Instruments Inc.) and a gas chromatograph-mass spectrometer (GC 6890/MSD 5972A, Agilent Technologies). The GC column of the following dimensions was used to determine the specificity of the VOCs: 60 m × 0.32 mm i.d. × 1.4 μm film thickness. A 25% diphenyl polysiloxane/75% dimethyl polysiloxane bonded-phase (Aquatic, GL Science Inc.) was used.
At a flow rate of 50 -150 ml min -1 , sample gases (usually 400 ml) in the canisters and the internal standard gas (toluene-d8, 10 ppbv, 100 ml) were introduced into the preconcentration system, and they were initially concentrated in a glass bead cryogenic trap (M1) at -155˚C. The trap was then heated to 20˚C, and this temperature was maintained while helium was slowly passed through the trap to transfer these compounds to a secondary Tenax trap (M2) maintained at -15˚C. After transfer to M2, the VOCs could be back-flushed by heating (180˚C for 3.5 min) in order to further focus them in a capillary focusing trap for subsequent rapid injection into the analytical column.
The GC oven was programmed to 40˚C for 4 min, ramped at 5˚C min -1 to 140˚C, and then ramped again to 220˚C at a rate of 15˚C min -1 ; this temperature was maintained for 5 min. Helium was used as a carrier gas at a rate of 1.5 ml min -1 . The mass spectrometer was operated in the selected ion monitoring (SIM) mode. Full calibration was performed using the 5-or 6-point internal standard method (0.01 -5 ppbv). The mid-level calibration standard (0.5 ppbv) was analyzed during daily calibration.
In order to evaluate the difference in the measurement values depending preconcentration system, we used another air preconcentration system (AutoCan, Tekmar Company) and GC/MS (GC17A/QP-5000, Shimadzu Corporation) for the analysis.
In the AutoCan system, the sample gases (usually 400 ml) in the canisters and the internal standard gas (toluene-d8, 10 ppbv, 100 ml) were introduced into the preconcentration system at a flow rate of 50 -65 ml min -1 , and they were initially concentrated at -100˚C in a Tenax trap. After transfer to the Tenax trap, the VOCs could be back-flushed by heating (at 275˚C for 5 min), and they were passed through a moisture control system (MCS) for the removal of moisture in order to further focus them in a capillary focusing trap for subsequent rapid injection into the analytical column. The same column as that used with the previous device was used for this analysis.
Results and Discussion

Reduction of the VOC levels in the canister blanks
Since oxygenated compounds are frequently used in laboratories, the possibility of contamination and the need for stringent quality control were investigated. The techniques for control of the canister blank are provided in the manual of analytical methods for HAPs. 13 Low VOC levels in the canister blanks for measurement of HAPs such as benzene and chlorinated VOCs were confirmed with those reported in the manual. Despite the use of a quality control, however, almost all the target oxygenated VOCs yielded a positive blank value. In particular, acetone, methyl ethyl ketone, and n-butyl alcohol yielded high blank values (Fig. 1) .
Thus, OVOCs appeared to require stricter quality control. We attempted to evaluate quality control techniques involving the addition of water to increase the humidity in the canisters and the use of VOC-free nitrogen gas to dilute the sample air. First, we observed that VOC-free water purified in an ultra purification system was substantially contaminated. P & T-grade VOC-free water (Standard Water II, GL Science Inc.) was used, and the effect of contamination by the added water was confirmed. Therefore, to prevent contamination, we stored the commercially obtained VOC-free water in desiccators along with activated carbon and silica gel, and it was used within 1 month of purchase. Second, the commercially obtained VOCfree nitrogen gas was also found to be slightly contaminated. Therefore, it was passed through a charcoal filter (GL Science Inc.) before introduction into the canister. As a result, the levels of acetone and methyl ethyl ketone contamination were decreased considerably (Fig. 1) .
In order to evaluate the range of variation in the blanks after the VOC levels were reduced using the above-mentioned controls, 9 canister blanks were analyzed each month between fluctuations of the measurements were small. Figure 2 shows the change in the blank values for the same canisters. The blank values did not tend to increase due to absorption when the sample collection-measurement-washing cycle was repeated. These results suggest that the use of quality controls in the measurement of oxygenated compounds in air is effective if appropriate precautions are taken, such as management of the added water, purification of the VOC-free gas, measurement of the blank each time the samples are collected, and subtraction of blank values from the sample values.
Calibration curves
For the calibration curves, the standard gas mixture was diluted with VOC-free nitrogen gas to the following 6 concentrations: 0.01, 0.05, 0.1, 0.5, 1.0, and 5.0 ppb. The calibration curves were prepared by concentrating and analyzing 400 ml of each dilution under the conditions described above (Fig. 3) . The curves for almost all the compounds were highly linear (r = 0.999 -1.000), except those of acetone and n-butyl alcohol, which were present at high levels in the blanks. The calibration curves were significantly non-linear for these 2 compounds at low concentrations ( Fig.  3(c) ). The contaminants could not be completely removed, even from high dilutions of the standard gas mixture.
Since quantitation of VOCs at low concentrations is practically difficult due to possible contamination, calibration curves for the compounds detected in the blanks are prepared without using the data on low concentrations. While measuring the atmospheric VOC levels, the U. S. Environmental Protection Agency uses the variation in the relative response factor (RRF) as an indicator of the linearity of calibration curves (CV < 30%). 14 The variation in RRF for the calibration curves in this experiment ranged from 7.4 to 28%, which is within the range of expected environmental concentrations, indicating that good calibration curves were obtained for all 11 target compounds.
Detection and quantitation limits
To determine the detection limit (DL) and quantitation limit (QL), the lowest dilution of the reference gases was analyzed 6 consecutive times in the minimum concentration calibration curve. The standard deviation was then multiplied by 3 to obtain the DL and by 10 to obtain the QL. For the compounds detected in the blanks, the blank values were measured 5 consecutive times, and the standard deviation was determined. The value was then compared to the standard deviation obtained with the diluted reference gas, and the greater of the 2 was used to calculate the limits ( Table 2 ). The DL obtained in this experiment was lower than that reported in a previous study. 9 The reasons include its low DL, using the low concentration of standard gas (0.01 or 0.05 ppb) for measurement of DL, as well as being able to use low concentration samples because of reducing the canister blank.
Effects of relative humidity in canisters
It has been stated that high relative humidity (RH) must be maintained inside the canisters used for sample collection in the GC/MS method because of the effect of the competitive adsorption of water vapor and VOC vapor on the active sites present on the inside surfaces of the canisters. Thus, the 989 ANALYTICAL SCIENCES AUGUST 2007, VOL. 23 increased water vapor concentration will enhance the ability of water to compete with the VOCs 15 for adsorption. Therefore, humidification by using nitrogen gas (%RH = 100) has been recommended in the manual of analytical methods for HAPs (Ministry of the Environment, Japan). 13 On the other hand, it was indicated that by improving the processing technology of the fused silica lining the inside of the canisters, high recovery of non-polar VOCs, such as benzene and chlorinated VOCs, was achieved when the humidity inside the canister was low. 16 However, the moisture in the canisters still might influence the analysis during the measurement of highly polar compounds.
Therefore, canisters of varying RH levels were prepared, and the diluted standard gases in them were analyzed. VOC-free water was added to evacuated canisters in order to adjust the RH in them. The canisters were prepared at room temperature (25˚C) under 4 grades of humidified conditions by varying the level of water added: 100% (140 μl), 50% (70 μl), 25% (35 μl), and 0% (no water added). Next, 18 ml of the standard gas mixture (1 ppm) was added to each canister, and the canisters were pressurized to 3 atm (absolute pressure) to yield a 1-ppb diluted standard gas sample.
Since differences between individual canisters could affect the measurements, the tests were conducted at RH levels varying between 0 and 100% by using the same canister for 4 sets of samples (Fig. 4) .
The results revealed that, in indoor experiments, the measurement values for some compounds reduced significantly when the RH in the canisters was low. They also demonstrated that the measured values varied greatly under conditions of low humidity. Ochiai et al. reported 9 that polar VOCs, stocked in fused silica-lined canisters, provided good recoveries in a wide range of humidity levels, except under the condition of RH > 99%. The present study revealed that excess condensed water appeared to reduce recovery under the RH > 99% condition. In this experiment, spiking with 140 μl water yielded close to 100% RH, and hardly any excess water was present. Therefore, the recoveries might not have reduced in the high RH range (= 100%). Thus, it was demonstrated that the RH in the canister should be maintained high and water should not be allowed to condense in the canister. For air samples obtained from environments in which the RH is less than 50%, it is necessary to increase the RH in the canisters by adding VOC-free water while pressurizing and diluting the samples.
Recovery of samples from canisters
A recovery test was conducted in order to determine the level at which highly polar oxygenated compounds could be recovered from the canisters used for sample collection. A previous study showed that it was possible to preserve the HAPs in a standard gas mixture for an extended period in a canister. 9 However, the stability of highly reactive compounds such as 1,3-butadiene in ambient air decreased when they were preserved in a canister. 11 Therefore, in order to apply the established method to monitor OVOCs, we evaluated their recovery rate from ambient air. Since real ambient air contains a matrix, the levels of some target OVOCs were not detectable (< DL). Therefore, we investigated ambient air with and without standard gas.
After the canisters were washed, they were divided into 2 sets (4 canisters per set). In 1 set, 12 ml of the standard gas mixture (1 ppm) was added, and nothing was added to the other set. Air samples were then collected using both sets of canisters simultaneously.
The recovery (Rec) of each substance was calculated as follows:
ANALYTICAL SCIENCES AUGUST 2007, VOL. 23 Table 3 Recovery of samples from canisters (n = 4) Ambient air added standard gas where Rec, canister recovery (%); Astd, amount of target substance (μg) in canister containing standard gas; Aair, amount of target substance (μg) in canister lacking standard gas; Aadd, amount of standard gas added (μg).
The results of the recovery test are presented in Table 3 , and a chromatogram of ambient air at the time of recovery measurement (without standard gases) is shown in Fig. 5 . All the target compounds were obtained at high rates of recovery, ranging from 89 to 112%. These results indicate that the target oxygenated compounds in the canisters were not adsorbed. Thus, the canister-collection method was suggested to be adequate for the recovery of real ambient air samples.
Storage of samples in canisters
The canisters used for sample collection were stored in the laboratory and periodically used for analysis. Compounds that are not detected in air were also analyzed in this test, so we used canisters containing the added standard gas, and the samples evaluated contained a certain concentration of every other substance as well as the matrix of real air. Figure 6 shows the proportion of compounds remaining in the canister up to 14 days after collection on a scale in which 100% represents the time of sample collection. There was no significant increase or decrease in the concentration of any compound after 14 days, and it was confirmed that the sample content could be retained at 80 -120% relative to the time of sample collection.
Comparison of measurement values by using different preconcentrators
The two widely available preconcentration systems used to measure HAPs in Japan (Entech and Tekmer Products) have different mechanisms. Entech 7000, which was used as the automatic measurement system in this study, features a mechanism that repeatedly concentrates and desorbs samples by using 3 concentration tubes (modules), and it eliminates moisture and carbon dioxide from the air samples before channeling the samples to the GC/MS. On the other hand, the AutoCan produced by Tekmer first concentrates the samples in the concentration tubes and then eliminates moisture by passing the samples through a series of metallic coils known as the moisture control system (MCS).
To assess the influence of these different preconcentration systems on the measurement values, we analyzed the same air samples using both devices, and the results were compared. For the comparison test, a total of 3 samples collected in February 2006 were used: one was from an urban site, and 2 from different roadside sites. The same diluted standard gases were also used to prepare the calibration curves, and the samples were quantitated using the calibration curves obtained with each device.
The results demonstrated that, for many OVOCs, the 991 ANALYTICAL SCIENCES AUGUST 2007, VOL. 23 (Table 4) . However, for 2 compounds, methyl-t-butyl ether and n-butyl alcohol, the concentrations were notably different. In the case of methyl-t-butyl ether, the absolute value of the difference was not considerable and therefore the difference was probably a result of poor measurement precision. However, the difference in the case of n-butyl alcohol was more substantial. It appears that the water vapor in the sample air condensed when excess water was being removed from the sample air in the MCS of the AutoCan. It should be considered that n-butyl alcohol, which has low vapor pressure, tends to be absorbed by condensed water or decomposed by hydrolysis. However, only a small amount of data has been collected using the AutoCan, and more data are required for comparison in order to reach more definite conclusions.
Conclusion
In order to obtain more comprehensive and representative data on air pollutants, we examined the levels of OVOCs using the canister-GC/MS system, which is one of the monitoring techniques used for hydrocarbons and chlorinated VOCs. For the analysis of OVOCs, quality control assessment is required for the re-refined VOC-free added water and VOC-free nitrogen gas used for dilution. After sampling, the OVOCs appeared stable, and high recovery rates from the canister were observed, except when the internal RH was less than 50%. To prevent a decrease in the recovery rates, VOC-free water must be added to the sample of OVOCs during pressurizing and dilution in order to increase the RH in the canister. The advantage of the developed method is its high accuracy and sensitivity in measuring the atmospheric concentration of OVOCs, and it can be applied to the existing monitoring of air pollutants without any need for additional sampling.
